Dutch elm disease (DED) is a vascular disease that has killed over 1 billion elm trees. The pathogen spreads throughout the xylem network triggering vessel blockage, which results in water stress, tissue dehydration and extensive leaf wilting in susceptible genotypes. We investigated the differences between four Ulmus minor Mill. clones of contrasting susceptibility to Ophiostoma novo-ulmi Brasier regarding morphological, anatomical and physiological traits affecting water transport, in order to gain a better understanding of the mechanisms underlying DED susceptibility. We analyzed the differential response to water shortage and increased air vapor pressure deficit (VPD) to investigate whether resistance to water stress might be related to DED tolerance. Sixteen plants per clone, aged 2 years, were grown inside a greenhouse under differential watering. Stomatal conductance was measured under ambient and increased VPD. Growth, bark water content and stem hydraulic and anatomical parameters were measured 22 days after starting differential watering. Vessel lumen area, lumen fraction and hydraulic conductance were highest in susceptible clones. Stomatal conductance was lowest under low VPD and decreased faster under increased VPD in resistant clones. We found a negative relationship between the decrease in stomatal conductance at increased VPD and specific hydraulic conductance, revealing a narrower hydraulic margin for sustaining transpiration in resistant clones. The effect of water shortage was greater on radial stem growth than on leaf area, which could be explained through an extensive use of capacitance water to buffer xylem water potential. Water shortage reduced stomatal conductance and vessel lumen area. Bark water content under conditions of water shortage only decreased in susceptible clones. Higher hydraulic constraints to sap flow in resistant clones may determine higher stomatal sensitivity to VPD and so contribute to DED resistance by limiting pathogen expansion and reducing water loss and metabolic impairment in cells involved in fighting against infection.
Introduction
Dutch elm disease (DED) has killed over 1 billion elm trees in Europe and North America (Martín et al. 2013) . Bark beetles belonging to the genus Scolytus are the main vector of the DEDcausing fungus Ophiostoma novo-ulmi Brasier, which can also propagate through grafted roots under field conditions (Postma and Goosen-Van de Geijn 2016) . The fungal hyphae spread inside the tree using the vascular system, and even colonize the secondary veins of leaves (Ďurkovič et al. 2013) .
For more than 30 years, research efforts to prevent the complete extinction of susceptible elm species have focused on preserving their genetic diversity as far as possible and testing available genotypes for their resistance to the disease, mainly through artificial inoculation of the pathogen. As a result, a few genotypes showing enhanced resistance to O. novo-ulmi have been identified over recent decades (Mittempergher and Santini 2004, Martín et al. 2015) . Differences between elm species, hybrids or clones with contrasting susceptibility to DED have been reported regarding traits such as leaf mass area, water-use efficiency or vessel lumen area, among others (Ďurkovič et al. 2013) . In a recent study, Plichta et al. (2016) highlighted the potential constitutive nature of some of these traits. For example, higher levels of resistance have long been associated with a comparatively small mean vessel diameter Gil 2002, Solla et al. 2005) . This may be due to the effect of vessel diameter in determining the hydraulic conductivity of the xylem and therefore the velocity at which the pathogen is transported within the tree. In addition, the loss of functionality of one single wide vessel may have a higher impact on plant's hydraulics than losing several vessels of smaller diameter. Once the infection spreads, vessel function can be lost as a result of tyloses and gels produced by the plant in an attempt to isolate the infected vessels and by cavitation due to decreases in xylem water potential (Ψ) to sustain transpiration with diminished hydraulic resources (Newbanks et al. 1983 ). Accordingly, sap flow was found to decrease 6 days after inoculation with O. novo-ulmi in 4 year old wych elm (Ulmus glabra Huds.) trees (Urban and Dvořák 2014) . However, some genotypes suffer little hydraulic restriction to sap flow when inoculated with O. novo-ulmi. In a recent study, Plichta et al. (2016) found no significant effect of inoculation on Ψ in the DED-tolerant elm hybrid 'Dodoens'. On the other hand, Li et al. (2015) reported significant declines in leaf water potential and gas exchange in susceptible Ulmus minor Mill. clones inoculated with O. novo-ulmi when compared with control trees inoculated with water. This effect was not observed in resistant clones, however.
Typically, susceptible trees inoculated with a suspension of fungal spores start to show symptoms of leaf dieback shortly after the inoculation. Visible symptoms appear later and affect a smaller fraction of the crown in resistant clones (Li et al. 2015) . This pattern of response strongly suggests that enhanced resistance may be achieved by two complementary mechanisms: those that slow down the transport of O. novo-ulmi by the ascending sap and those that successfully fight against it. Blocking of vessels contributes to compartmentalizing the disease, the most important component for an efficient restriction of the infection according to Pouzoulet et al. (2014) . However, this comes at the obvious cost of reducing the capacity for sap transport. In fact, leaves in DED-affected trees show responses similar to those shown in response to water shortage (Li et al. 2015 , Plichta et al. 2016 . It seems, therefore, that once the pathogen has entered the xylem network, chances of survival may depend on a trade-off between the benefits and costs of vessel blockage. On the other hand, chemical defenses such as high levels of cellulose, hemicellulose, suberin and phenolic compounds, like those reported by Martín et al. (2008) in U. minor resistant clones, may also contribute to compartmentalizing the disease. This response could feed forward the capacity to fight against the pathogen by maintaining cell turgor and cell metabolism at 'operational' levels, while avoiding a massive loss of xylem functionality. Thus, the question arises as to whether resistance to water stress might be related to DED tolerance. It would seem to be of interest to analyze the differential effect of water shortage on clones of contrasting DED susceptibility, because trees rarely live under conditions of optimum water availability, particularly in Mediterranean environments. Enhanced drought resistance could improve the chances of successfully fighting the pathogen in the early stages of infection and/or maintain stem growth and new vessel formation to replace vessels lost by the infection under moderate drought. In addition, the effects of the infection can be expected to worsen under drought, the combined effects of both kinds of stress promoting extensive xylem dysfunction (Vilagrosa et al. 2012) .
Our aim was to investigate the differences between four U. minor clones of known contrasting susceptibility to O. novoulmi as regards morphological, anatomical and physiological traits affecting water transport. Furthermore, we examined their response to water shortage, in order to gain a clearer understanding of the mechanisms underlying DED susceptibility. We assumed that water shortage induced by soil drying could provide useful information to understand the effects of water transport impairment resulting from vessel blockage by O. novo-ulmi.
We hypothesized that: (i) Susceptible clones may reach higher stomatal conductance and have higher vessel lumen area, higher vessel lumen fraction and maintain higher hydraulic conductance than resistant clones. The consistency of the data with this hypothesis will be discussed in relation to the ability of resistant clones to deter the expansion of the pathogen through the vascular system. (ii) Resistant clones would differ from DED-susceptible clones in their response to water shortage, based on the premise that improved resistance to DED is partly achieved by better tolerating the loss of functionality of xylem vessels.
Materials and methods

Plant material and experimental design
Four U. minor clones were used in the present study, namely mdv1, vaap, mdv23 and vad2. Two of these clones (mdv23 and vad2) generally show less than 20% leaf wilting after inoculation, in trials where susceptible clones such as mdv1 and vaap exhibit leaf wilting percentage values higher than 80%. The repeatability of these results in trials performed over 2-4 consecutive years has allowed the Spanish Environmental Administration to register clones mdv23 and vad2 as forest reproductive material (Martín et al. 2015) . The initials r or s denoting either resistant or susceptible will be added to the names of the clones hereafter to help identify the susceptibility Tree Physiology Volume 38, 2018 of each clone. Sixteen plants from each clone, obtained by micro-propagation, were transplanted to 5 l pots filled with the same weight of a mixture of peat (TKS2, Floragard Vertriebs GmbH, Oldenburg, Germany) and perlite (3:2; v:v) and kept in a greenhouse under partial shade, with a maximum photosynthetically active radiation of~500 μmol m −2 s −1
. The experiment was carried out in late spring, when the plants were in their second growth period. Two watering regimes were established on 12 May (Day 0; d0). Plants were watered every other day up to a target weight, which differed among watering regimes and was determined in order to reach a maximum volumetric soil water content (SWC) of 31% in high-watered (HW) plants, which corresponded to 84% of the SWC at field capacity, and a minimum SWC higher than 5% in low-watered (LW) plants to avoid the risk of leaf shedding, according to our previous experience with plant and substrate. Volumetric soil water content was determined before and after watering by time domain reflectometry (TRIME TDR IMKO Gmbh, Ettlingen, Germany) in one plant from clone vaap-s belonging to the LW treatment. The TDR probe was inserted at the beginning and left in place to minimize damage to the roots. For this plant, we calculated the relationship between the potted plant weight minus the weight of the TDR probe (W plant , grams) and volumetric soil water content (SWC, %) for the range of W plant values measured throughout the experiment. We obtained the following equation: We used this relationship to calculate the SWC of all the potted plants from their weight. We assumed that differences due to variations in plant dry weight would be negligible, given the short duration of the experiment and the relatively small values of shoot dry weight (Table 1) when compared with the weight of potted plants. Averaged across all the clones, values of SWC ranged from 7% to 22% in LW plants and from 12.7% to 31.4% in HW plants. Air temperature ranged from 12 to 31°C throughout the experiment (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Evapotranspiration, growth and morphology
The amount of water lost by evapotranspiration between successive irrigations was calculated from the weight of the potted plants measured before watering and the target weight for each watering regime. Evaporation from the pot surface was calculated in a similar way in five extra pots filled with the same weight of substrate (but with no plant) throughout the experiment. The average rate of evapotranspiration for the whole experimental period was calculated as the slope of the linear relationship between the cumulative amount of water lost from d0 and time (see Figure S2 available as Supplementary Data at Tree Physiology Online). The diameter at the base of the stem was measured with a sliding caliper at the beginning (d i ) and at the end (d f ) of the experiment. Growth in stem diameter was cal-
Plant leaf area was measured at the end of the experiment with WINFolia software (Regent Instruments Inc., Quebec, Canada). Leaves and stems were oven-dried at 70°C and weighed. Specific leaf area (SLA) was calculated as the quotient of leaf area to leaf dry weight. Leaf samples were not rehydrated before determining leaf area as suggested in the standardized protocol for the determination of SLA proposed by Garnier et al. (2001) . Since all plants were of similar age and size and had been grown under identical conditions, lack of rehydration should not affect our results, but must be taken into consideration when comparing our data with those obtained in other studies. Huber value was calculated as the quotient of the cross-sectional area at the base of the stem (assumed to be circular) to plant leaf area.
Stomatal conductance
Gas exchange was measured in the youngest fully expanded leaf using a portable infrared gas analyzer (Li-6400, Li-Cor Inc., Table 1 . Growth and morphological parameters measured in 2 year old ramets from four Ulmus minor clones after 22 days under high (HW) and low (LW) watering conditions. Data are presented as means ± SE. Different letters denote significant differences between means for the clone by treatment grouping (Tukey's HSD test, P < 0.05). 
Xylem water potential and hydraulic conductance
On Days d20-d22 hydraulic conductance and leaf water potential were measured in eight plants per clone and watering treatment. Early in the morning two fully expanded leaves close to those on which gas exchange was measured were wrapped with aluminum foil. A Scholander-type pressure chamber (PMS Instrument Co., Albany, OR, USA) was used to measure water potential in these leaves more than 1 h later, in order to estimate xylem water potential (Ψ, Zhang et al. 2013 ). Plants were taken to the laboratory (~1 min from the greenhouse) in groups of two to measure hydraulic conductance. They were weighed and then cut under water at the base of the stem with sharp pruning scissors. All branches were cut under water and a length of 12 cm from the base of the stem was recut and debarked under water. This portion of stem was used to measure the hydraulic conductance before (K i ) and after (K M ) removing air embolism with a XYL'EM embolism-meter (Bronkhorst, Montigny les Cormeilles, France). A solution of 10 mM KCl and 1 mM CaCl 2 in deionized degassed water was used for all hydraulic measurements. Embolism was removed by applying a pressure of 0.13 MPa for 15 min.
Diameters at both ends of the portion of the stem used for hydraulic measurements were measured with a sliding caliper. Native and maximum specific hydraulic conductance per crosssectional area of the stem (K s and K smax ) were then calculated as the quotient of either K i or K M divided by the surface of a circle of diameter equal to that measured at the widest cut end of the stem. Maximum leaf specific hydraulic conductance (K Lmax ) was calculated as K Lmax = K M /LA, where LA was the surface of all leaves fed by the stem.
Bark water content and anatomical stem traits
A stem segment of around 2 cm in length, adjacent to the one used to measure hydraulic conductance, was cut and debarked.
The bark portion was blot-dried with tissue paper just to remove water from soaking, weighed and dried at 70°C. Bark water content (BWC) was calculated as BWC = (FW -DW)/DW, where FW and DW are the fresh and dry weights of each bark portion. The debarked segment was kept in 70% ethanol for subsequent anatomical analyses in a sub-sample of five to eight plants per clone and watering regime. Transverse sections of 30 μm were cut with a sliding microtome (model SM2400, Leica Microsystems, Wetzlar, Germany), and observed at ×4 magnification under a light microscope (Olympus Bx51, Tokyo, Japan) equipped with a digital camera (ColorView III FW, Olympus). Digital images of 25-50% of the transverse section corresponding to current year's growth were analyzed with the 1.50i version of ImageJ, (http://rsb.info.nih.gov/ij) in order to determine: vessel density, the average vessel lumen area, the average vessel lumen area for the widest vessels (those with a lumen area larger than 1000 μm 2 ), the vessel lumen fraction, calculated as the proportion of the transverse section of the xylem corresponding to the lumen of vessels, as well as the frequency distribution of vessel lumen area, for vessels with a surface area larger than 300 μm 2 . Theoretical hydraulic conductance per unit sapwood (THC) was estimated from: THC = Σd i 4 /A S , where d i is the hydraulic diameter, calculated as four times the quotient of vessel lumen surface to vessel perimeter and A S is the surface of the transverse section of xylem sampled (Venturas et al. 2013) . These values were further transformed in order to express the results in the same units as K s (see Figure S3 available as Supplementary Data at Tree Physiology Online for a detailed explanation of the calculations).
Statistical analyses
Differences in evapotranspiration were analyzed from the linear relationships between the cumulative amount of water lost from d0 and time, taking time as continuous predictor and clone and watering regime as factors. Factorial ANOVA was used to analyze differences between clones and watering regimes in all the parameters measured at the end of the experiment. Differences between clones were further investigated within each treatment through one-way ANOVA. Differences in stomatal conductance were analyzed using data from the last three measurements (d6-d9), taking day, clone and watering regime as factors. When data from Day d2 were included in the analysis, the results were similar with regard to significance and clonal ranking, but Cochran and Levene's tests for homogeneity of variances failed. Values of stomatal conductance measured the day differential watering started (d0) were analyzed separately. Analysis of covariance (ANCOVA) was used to test differences between clones in Ψ and the percentage decrease in stomatal conductance measured under increased VPD. Volumetric soil water content and time were used as covariates in these analyses.
Relationships between variables or log-transformed variables were analyzed through linear regression. All percentage data were arcsin transformed prior to analyses. Data were log transformed to match the ANOVA assumptions when necessary. Differences were considered significant at P < 0.05. Tukey's HSD test was used for post-hoc comparisons. All analyses were run using the 6.0 version of STATISTICA (StatSoft, Tulsa, OK, USA). in HW and LW plants, respectively. Evaporation from the pot surface averaged 37.7 ± 4 g over the same period of time. Differences in evapotranspiration between watering regimes were highly significant (F 1,64 = 281.4, P < 0.001). Differences between clones were also significant, both for HW (F 3,32 = 6.64, P = 0.001) and LW plants (F 3,32 = 5.46, P = 0.004). The largest decrease in evapotranspiration with water shortage was measured in DED-resistant clones ( Figure 1A ). When analyzed clone by clone, the effect of the watering regime on evapotranspiration was significant for all clones. The strongest effects were obtained in clones vad2-r (F 1,13 = 10.34, P = 0.007) and mdv23-r (F 1,14 = 9.63, P = 0.008) and the weakest in clones mdv1-s (F 1,14 = 6.45, P = 0.024) and vaap-s (F 1,13 = 5.09, P = 0.042). We found significant differences in bark water content, both between clones (F 3,32 = 5.55, P = 0.004) and watering regimes (F 1,32 = 18.55, P < 0.001). When analyzed clone by clone, the effect of the watering regime on bark water content was only significant in clones mdv1-s (F 1,8 = 6.2, P = 0.037) and vaap-s (F 1.8 = 20.19, P = 0.002). Interestingly, the effect of water shortage on bark water content was highest in susceptible clones, which is the opposite of what was observed in the case of evapotranspiration ( Figure 1B ).
Results
Evapotranspiration
Water shortage significantly decreased stem diameter growth (F 1,51 = 5.07, P = 0.029) but had no significant effect on leaf area. There were significant differences between clones in stem diameter growth (F 3,51 = 3.56, P = 0.02), average leaf size (F 3,56 = 23.7, P < 0.001), SLA (F 3,56 = 16.9, P < 0.001) and Huber value (F 3,51 = 42.8, P < 0.001), but not in leaf area. Clone mdv1-s had smaller leaves and higher SLA than the other three clones tested (Table 1 ). The Huber value was highest in clone vad2-r and lowest in clone mdv1-s (Table 1) and neither this value nor those for average leaf size or SLA were affected by water shortage.
Stomatal conductance
We found significant differences between clones in the values of stomatal conductance measured on the day that differential watering commenced (d0) (F 3,53 = 23.07, P < 0.001). Stomatal conductance was higher in susceptible clones than in resistant ones (Figure 2A ). There was a steady increase in transpiration rate as VPD increased from d0 to d9 ( Figure 2B ). Transpiration rate differed between clones both on d0 (F 3,53 = 16.22, P < 0.001) and d9 (F 3,39 = 5.38, P = 0.003), while the effect of the watering regime was only significant on d9 (F 1,39 = 7.07, P = 0.01). Differences among susceptible and resistant clones for both stomatal conductance and transpiration rate were clearer on d0 than on successive measurements (see Figure S5 available as Supplementary Data at Tree Physiology Online). Factorial ANOVA carried out on data from d6 to d9 showed highly significant differences in stomatal conductance between watering regimes (F 1,96 = 18.19, P < 0.001) and clones (F 3,96 = 4.97, P = 0.003), with no significant effect of the day of measurement or any significant interactions. According to Tukey's HSD test, stomatal conductance differed significantly between clones vaap-s and mdv23-r, the highest values corresponding to clone vaap-s.
Gas exchange measurements carried out on Days d6 and d8 showed a decrease in stomatal conductance with time (F 1,151 = 352, P < 0.001), after manually increasing VPD (Figure 3 ). There was a significant effect of both the watering Tree Physiology Online at http://www.treephys.oxfordjournals.org regime (F 1,151 = 5.5, P = 0.02) and clone (F 3,151 = 15.6, P < 0.001) on the decrease in stomatal conductance, which was higher in resistant clones than in susceptible clones in both watering regimes, the differences being clearest for HW plants (Figure 3 ).
Xylem water potential and hydraulic conductance
We found a significant relationship between Ψ and SWC (F 1,59 = 73.56, P < 0.001). For a given SWC, Ψ differed strikingly among clones (F 3,59 = 17.2, P < 0.001). Only two (out of 16) plants from clone mdv1-s and none from clone mdv23-r had a xylem water potential higher than −1 MPa at the time of measuring, while Ψ was higher than −1 MPa in 50% and 75% of the plants from clones vad2-r and vaap-s, respectively (Figure 4 ). Xylem water potential was highest in clone vaap-s at any soil water content (Figure 4 ), whereas differences between clones mdv23-r and mdv1-s were not significant according to Tukey's HSD test.
There were highly significant differences between clones in K Lmax (F 3,53 = 50.75, P < 0.001), K smax (F 3,56 = 46.76, P < 0.01) and K s (F 3,55 = 15.91, P < 0.001), the highest values being measured in clone vaap-s (Table 2 ). Water shortage did not affect K smax , K Lmax or K s . The average decrease in stomatal conductance measured at high VPD (Figure 3 ) showed a negative relationship with K s (F 1,6 = 25.87, P = 0.002), revealing a narrower hydraulic margin for sustaining transpiration in resistant clones ( Figure 5 ).
Anatomical traits
We found significant differences between clones in vessel density (F 3,48 = 4.82, P = 0.005), vessel lumen fraction (F 3,49 = 20.94, P < 0.001), average vessel lumen area (F 3,49 = 20.3, Figure 2 . Mean ± SE values of (A) stomatal conductance measured in four U. minor clones differing in susceptibility to Dutch elm disease, -r clones showing enhanced resistance (measurements were taken at the time of starting the watering treatments (d0, n = 8)), and (B) transpiration rate measured on Days d0 (n = 16, hatched bars) and d9 (n = 6). Empty and solid bars correspond to plants in the high-and low-watering treatments, respectively. Since there were no differences in transpiration between plants belonging to both watering regimes, mean values were calculated using the pooled data from across watering regimes on Day d0. Air vapor pressure deficit at the time of measuring ranged from 1.4 to 1.9 kPa on Day d0 and from 2.1 to 2.8 kPa on Day d9. Different letters denote significant differences between means within each day of measurement.
Figure 3. Percentage decrease in stomatal conductance (gs) measured in four Ulmus minor clones 50, 150 and 250 s after decreasing the relative humidity in the leaf chamber. Vapor pressure deficit ranged from 2.7 to 3.3 kPa. Different letters denote significant differences for the clone by watering grouping. The legend is common for both graphs. Clones vad2-r and mdv23-r show enhanced resistance to Ophiostoma novo-ulmi, whereas mdv1-s and vaap-s are highly susceptible to the pathogen.
Tree Physiology Volume 38, 2018 P < 0.001), the theoretical hydraulic conductance (F 3,47 = 32.51, P < 0.001) and the conducting surface resulting from large (>1000 μm 2 ) vessels (F 3,49 = 73.88, P < 0.001), the highest values being measured in susceptible clones in all cases (Table 2) . Vessel lumen fraction and average vessel lumen area were positively correlated ( Figure 6 , F 1,6 = 23.15, P = 0.003).
There was a significant effect of the watering regime on average vessel lumen area (F 1,49 = 5.5, P = 0.023), which decreased under water shortage in all clones except mdv23-r (Table 2) . This was most likely caused by a decrease in the rate of new vessel formation, resulting in comparatively few vessels smaller than 500 μm 2 in LW plants belonging to clone mdv23-r (see Figure S6 available as Supplementary Data at Tree Physiology Online). The decrease in vessel density under water shortage with almost no differences in the vessel lumen fraction between watering regimes for this clone (Table 2) further supports this explanation. The effect of water shortage on vessel lumen fraction was close to being significant (F 1,49 = 3.8, P = 0.056). Vessel density, THC and the conducting surface resulting from large vessels did not change with the watering treatment. The effect of the clone by treatment interaction was only significant for THC values (F 3,47 = 6.66, P = 0.001). The highest values of THC, K s and K smax were measured in susceptible clones (Table 2 ). There was a strong (R 2 > 0.91, n = 8), positive and highly significant linear relationship between THC and both K s (F 1,6 = 63.53, P < 0.001) and K smax (F 1,6 = 93.29, P < 0.001). On average, K smax was 91 ± 0.04% of THC expressed in conductance units (see Figure S3 available as Supplementary Data at Tree Physiology Online). Only two vessels from two different plants belonging to clone mdv23-r and zero in clone vad2-r were larger than 6000 μm 2 . However, 63% and 100% of the sampled plants belonging to clones mdv1-s and vaap-s, respectively, had vessels larger than that size. The lowest proportion of vessels smaller than 500 μm 2 was measured in clone mdv1-s in both watering regimes, while the largest proportion of vessels in this class was measured in HW plants from clone mdv23-r (see Figure S6 available as Supplementary Data at Tree Physiology Online).
Discussion
Almost 30 years of research into elm conservation has resulted in the recent registration of seven U. minor clones as 'qualified forest reproductive material' by the Spanish environmental −2 ) HW 0.075 ± 0.004abc 0.059 ± 0.003bc 0.091 ± 0.003a 0.093 ± 0.005a LW 0.057 ± 0.002c 0.058 ± 0.005bc 0.080 ± 0.005ab 0.095 ± 0.009a
Tree Physiology Online at http://www.treephys.oxfordjournals.org administration (Martín et al. 2015) . This, together with a dramatic improvement in micro-propagation techniques, allowed us to investigate the mechanisms of DED resistance using clones from one single susceptible species, in contrast to previous studies comparing species or hybrids with differing DED susceptibility. According to our results, three traits separated most clearly resistant from susceptible clones: stomatal conductance ( Figure  2A ), the decrease in bark water content under water shortage ( Figure 1B ) and xylem anatomy ( Figure 6 ).
Stomatal conductance was highest in susceptible clones under low VPD
Values of stomatal conductance were consistently highest in the susceptible clone vaap-s and lowest in the resistant mdv23-r. Conversely, Ďurkovič et al. (2013) measured lower values of stomatal conductance in non-infected plants from the susceptible 'Groeneveld' hybrid, compared with the DED-tolerant 'Dodoens'. These results highlight the difficulty involved in finding a set of suitable traits to characterize resistance to O. novo-ulmi, presumably resulting from the diversity of defense mechanisms involved and the continuum between zero and full resistance across the range of different genotypes. The highest values of stem hydraulic conductance, expressed on either a leaf area or crosssectional basis, were measured in clone vaap-s. Values of hydraulic conductance may be affected by the length of the stem portion used in hydraulic measurements, particularly in ringporous species, which tend to have long vessels. As pointed out by Martín et al. (2013) vessels in 1 and 2 year old U. minor trees are diffusely distributed, narrower in diameter and shorter in length than vessels in >3 year old trees, which are ring-porous. In a recent study, Venturas et al. (2014) measured a maximum vessel length of 6.9-11.8 cm in 2-3 year old branches cut from 5 year old U. minor trees. These values are shorter than the 12 cm used in our experiment. Still, since we did not measure maximum vessel length, we cannot rule out the presence of a certain proportion of open vessels in our samples. On the other hand, the linear relationships between either K smax or K s and THC strongly suggest that any potential effect of open vessels might have affected all clones similarly. The higher hydraulic conductance measured in clone vaap-s could contribute towards explaining its higher stomatal conductance, given the degree of coordination between stomatal conductance and several hydraulic traits found in this ( Figure 5 ) and other studies (Clearwater and Meinzer 2001 , Zufferey and Smart 2012 , Zhang et al. 2013 , Kim et al. 2014 . The application of the Hagen-Poiseuille equation to sap movement in the xylem results in the recognized large impact of the radius of vessels and/or tracheids on the volumetric sap flow (David-Schwartz et al. 2016 ). Thus, although factors such as pit permeability and/or ionic sap composition may also affect sap flow (Van Leperen et al. 2000 , Nardini et al. 2012 , Hacke 2014 , differences in large-vessel lumen area between clone vaap-s and the other three clones tested (Table 2 ) seem large enough to explain the higher hydraulic and stomatal conductance measured in this clone.
Differences in stomatal conductance between resistant clones and clone mdv1-s were only significant when measuring under low evaporative demand resulting in the lowest transpiration rates ( Figure 2B ). Since leaf size was lowest and SLA highest in clone mdv1-s (Table 1) , we hypothesize that resistance to water flow at leaf level may have been lowest in plants from this clone. Leaves are considered a critical bottleneck in plant hydraulic resistance (Brodribb et al. 2010) . It has been previously observed that decreases in boundary layer resistance with decreasing leaf size can result in higher rates of transpiration in comparatively small leaves (Yates et al. 2010) . Accordingly, Bauerle and Bowden (2011) reported a significant effect of leaf width on leaf temperature and transpiration under slow to moderate wind velocities in Acer rubrum L. In addition, a positive Figure 6 . Relationship between the vessel lumen fraction, calculated as the proportion of the transverse section of the xylem corresponding to the lumen of vessels and the average vessel lumen area. Only vessels larger than 300 μm 2 were measured. Symbols refer to Ulmus minor clones differing in Dutch elm disease resistance as follows: vad2-r = circles, mdv23-r = triangles, mdv1-s = squares, vaap-s = diamonds. Solid symbols correspond to low-watered plants and empty symbols to highwatered plants. Values are means ± SE (n = 5-8). The regression line was fitted to all data combined. Figure 5 . Relationship between native specific hydraulic conductance (K s ) and the percentage decrease in stomatal conductance (gs) measured after 250 s at increased vapor pressure deficit (see text for further details). Symbols refer to four Ulmus minor clones differing in Dutch elm disease resistance as follows: vad2-r = circles, mdv23-r = triangles, mdv1-s = squares, vaap-s = diamonds. Solid symbols correspond to low-watered plants and empty symbols to high-watered plants. Values are means ± SE (n = 8-10). The regression line was fitted to all data combined. effect of SLA on leaf hydraulic conductance has been widely documented (Flexas et al. 2008 , Nardini et al. 2014 . Interestingly, in a study carried out using two elm hybrids of contrasting DED tolerance, Ďurkovič et al. (2013) measured lower values of leaf mass area in the susceptible clone.
The effects of the hydraulic resistances at leaf level on measured values of stomatal conductance may become more apparent when the vapor pressure gradient between the leaf and the atmosphere is small, thus resulting in smaller transpiration rates (Simonin et al. 2015) and comparatively slow sap flow. A hypothetical relevance of 'slow flow' conditions to DED susceptibility could contribute towards explaining why the effects of artificial inoculation show up better in young trees beyond a certain age (Solla et al. 2005) , since sap velocity has been found to decrease with age at early stages of growth (Forrester et al. 2010 ).
Water shortage decreased bark water content in susceptible clones only
Living tissues in the stem contribute to plant transpiration on a daily basis by releasing stem-stored water that is replenished throughout the night. The use of stem-stored water provides a buffer against daily water potential fluctuations (Scholz et al. 2007 ) and has been reported to be of particular importance in species from wetter environments (Richards et al. 2014) , with comparatively low wood densities (Scholz et al. 2007 , McCulloh et al. 2012 , 2014 and high rates of growth (Oliva-Carrasco et al. 2014) , as is the case for U. minor. Accordingly, the extent of drought-induced daytime stem shrinkage measured at moderate Ψ by Rodriguez-Calcerrada et al. (2016) in 2 year old U. minor seedlings strongly suggest that stem capacitance is comparatively high in this species. It is worth noting that water shortage did not significantly reduce leaf area growth under our experimental conditions, although it had a significant effect on stem radial growth. This result could be related to an intensive use of stem stored water to cope with moderate water deficits. The pattern of decrease in Ψ under decreasing soil water content (Figure 4 ) clearly points to an isohydric strategy typically shown by low-wood density species with high stem capacitance (Meinzer et al. 2009 ), which further supports the reliance of the species on stem-stored water to buffer Ψ.
Resistant clones closed stomata faster than susceptible clones under high VPD (Figure 3) . We hypothesize that lower stomatal sensitivity in susceptible clones promoted the use of stem stored water, buffering Ψ while decreasing bark water content to a greater extent than in resistant clones. Interestingly, whereas susceptible clones resembled each other in terms of decrease in bark water content, the range of Ψ was quite different from one to another. While it seems likely that an enhanced use of stem stored water may result from steeper water potential gradients between xylem and water storing tissues, other factors need to be taken into consideration. Stem capacitance is typically highest at moderate Ψ, presumably due to the release of water from easily accessible stores (Richards et al. 2014) . The use of stem stored water allows the plant to overcome imbalances that may arise between water lost through transpiration and water moved from the roots. High stomatal conductance and/or low Huber values, such as those shown by DED-susceptible clones in the present study, may favor such imbalances and thus the use of capacitance water at moderate Ψ. The fact that the smallest decrease in evapotranspiration with water shortage was measured in susceptible clones further explains the larger decrease in bark water content measured in these clones, presumably in order to continue supporting transpiration as Ψ decreased.
The amount of stem stored water available to buffer Ψ increases with stem diameter (McCulloh et al. 2014) . However, the release of water from storing tissues depends not only on stem diameter but also on the proportion of conducting to nonconducting cells in the xylem. Stem stored water would be removed first from intercellular spaces or cracks between cells or along rays (Richards et al. 2014) . Water withdrawal from living cells would start afterwards. Therefore, an increased proportion of non-conducting tissues, as found in the resistant clones (Figure 6 ), could delay the use of water from living cells. Water loss from living tissues would result in decreasing turgor, which may affect cell wall growth (Le Gall et al. 2015) and cell metabolism. In addition, metabolic impairment may result in a diminished ability to produce defensive compounds under severe or prolonged water stress (McDowell 2011) . In other words, changes in cell metabolism under water stress may compromise the ability of the plant to respond to biotic stress (Kissoudis et al. 2014) . The larger impact of water shortage on bark water content shown by susceptible clones in the present study suggests that living cells in the stem of plants belonging to these clones suffered a higher level of water stress than plants from the resistant clones, which may contribute towards explaining their higher susceptibility to O. novo-ulmi.
Xylem anatomy underlies the observed differences between clones and watering regimes
The highest values of THC, K s and K smax were measured in susceptible clones. The strong relationship between K smax and THC highlights the relevance of vessel diameter in determining sap flow (see Figure S3 available as Supplementary Data at Tree Physiology Online). These results reinforce the importance of vessel diameter and water transport to characterize the resistance to O. novo-ulmi. Both the abundance of vessels in largediameter classes (clone vaap-s) and the scarcity of vessels in the smallest diameter class (mdv1-s) could lead to higher DED susceptibility. Vessel diameter has been previously reported to affect the resistance not only to O. novo-ulmi (Martín et al. 2009 , Martín et al. 2013 , Venturas et al. 2013 ) but also to other fungal vascular wilt diseases (Pouzoulet et al. 2014) . It is still not clear, however, the reason why small vessels would ride out the Tree Physiology Online at http://www.treephys.oxfordjournals.org infection better than large vessels, or why clones having small vessels would be less prone to be significantly affected by inoculation than large-vesseled clones. Vessel diameter might determine the ease with which the pathogen enters the vessel lumen. This may be explained by anatomical factors, since certain properties of the pit pores, particularly pit diameter (Schimitz et al. 2007) or pit surface area (Lens et al. 2011) , have been shown to correlate with vessel diameter and pit pores may be relevant as entry points for the pathogen into the xylem vessels (Martín et al. 2009 , Comeau et al. 2015 . Vessel lumen area could also indirectly affect DED susceptibility by determining vessel lumen fraction and therefore modifying the extent of stem-stored water use, as previously suggested.
Average vessel lumen area has previously been found to decrease along mesic xeric gradients (Bourne et al. 2015 , Borghetti et al. 2017 , Schuldt et al. 2016 ). In addition, vessel lumen fraction is usually smaller in drought-tolerant species compared with species from more mesic habitats (Köcher et al. 2012) . Average values of vessel lumen fraction measured in resistant clones were 73% and 66% of those measured in susceptible clones for HW and LW plants, respectively, which suggests a differential response to water shortage that might enable DED-resistant clones to better cope with drought.
Conclusion
Differences in xylem anatomy and hydraulic conductance at the stem and/or leaf level can contribute towards explaining the tighter control of stomata at high VPD exhibited by DED-resistant clones and why stomatal conductance was higher in susceptible clones when measured under low VPD. The smaller decreases in evapotranspiration and vessel lumen fraction under water shortage in susceptible clones support the higher impact of water shortage on bark water content measured in these clones, and help to explain their higher susceptibility to O. novo-ulmi due to decreased turgor and metabolic activity in stem living cells.
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